We study the loss rate for a set of λ/2 coplanar waveguide resonators at millikelvin temperatures (20 mK -900 mK) and different applied powers (3 · 10 −19 W -10 −12 W). The loss rate becomes power independent below a critical power. For a fixed power, the loss rate increases significantly with decreasing temperature. We show that this behavior can be caused by two-level systems in the surrounding dielectric materials. Interestingly, the influence of the two-level systems is of the same order of magnitude for the different material combinations. That leads to the assumption that the nature of these two-level systems is material independent.
The interest in the properties of coplanar waveguide resonators (CPWR) at low temperatures is caused by their potential application for quantum information processing devices [1, 2] and photon detection down to the quantum limit [3] . In practice, for quantum-limited measurements or for preserving coherence in quantum circuits with CPWRs, the loss rate of the resonators should be minimized. The properties, especially the resonance frequency and noise behavior -of CPWRs at low temperatures are known to be dominated by two-level systems (TLS) present in the active region of the resonator [4, 5, 6] . These TLSs cause decoherence in mesoscopic quantum system [7] and lead to increased losses in CPWRs [8, 9] . In this letter we analyze different resonator and substrate materials in order to find optimal conditions for quantum measurements on the chip and to give a description of TLSs induced losses in CPWRs. Therefore oxides and nitrides which are known sources of TLSs were as far as possible avoided and high resisitivity substrates were used.
Thus motivated by material science, we did not use any buffer layer or top dielectric layers for the resonators fabrication. The superconducting material was directly deposited to the dielectric substrates and CPWRs of identical geometry were fabricated (see Fig. 1 ). We have investigated three resonators, namely aluminum (Al) and niobium (Nb) on sapphire as a substrate and niobium on undoped silicon (Si) as a substrate (> 5kΩcm). The CPWRs were fabricated by dry etching of a 220-nm-thick Nb film and by lifting off a 250-nm-thick Al film respectively. The frequency of the fundamental mode of this half-wavelength transmission-type CPWR is 2.5 GHz with Si as a substrate and 2.7 GHz with sapphire respectively.
Two cryoperm shields and one superconducting shield made of lead enclosed the resonators in order to provide a stable environment and to avoid effects from external magnetic fields [10, 11] . The samples were ther- * pascal.macha@ipht-jena.de mally anchored to the mixing chamber of a dilution refrigerator. The amplitude of the microwave transmission has been measured as a function of temperature and applied microwave power. The resonance frequency ν 0 and spectral width ∆ν 0 of the resonator were extracted from the Lorentzian shape of the resonance curve. The signal transmitted through the resonator was amplified using a cryogenic amplifier at the 4.2 K stage and roomtemperature amplifiers.
The resonance frequency ν 0 and spectral width ∆ν 0 which is connected to the overall loss rate δ = 2π∆ν 0 (in the sense of a photon decay rate) correspond to the (loaded) quality factor Q = 2πν 0 /δ. In our case, for under-coupled resonators, the overall loss rate is dominated by the intrinsic loss mechanisms of the resonator. The loss rate is a function of temperature T and applied power P whereas the resonance frequency only depends on temperature. Above a temperature of about T c /10 (about 1 K for Nb and 0.2 K for Al; T c is the critical temperature) the behavior of the resonator is dominated by the number of quasi-particles which decreases with temperature. Subsequently the loss rate decreases and converges to a minimum at T c /10. The corresponding quality factors are 5.7 · 10 5 for Nb on Si, 4.5 · 10 5 for Nb on sapphire and 3.6 · 10 5 for Al on sapphire. This work centers on the behavior below T c /10 where the number of quasi-particles is negligible and quantum effects become visible.
In order to quantify the function δ(T, P ) in the region of interest let us qualitatively discuss its power dependence at fixed temperature. For high enough power the response of the CPWR is non-linear [12] . In the linear regime, the loss rate δ exhibits a weak logarithmic change, which becomes negligible at power below P 0 (see Fig. 2 ). The temperature dependence of the loss rate at the low power limit P < P 0 is shown in Fig. 3 . It is assumed that the increase of losses at low temperatures is due to the presence of the TLSs with an energy gap corresponding to the energy of the resonator hν 0 in the active region of the CPWR. Therefore the loss rate can be splitted into two parts δ(T ) = δ L + δ TLS (T ), where δ L describes the background loss rate and δ TLS describes the losses induced by TLSs interaction. The background loss rate δ L consists of coupling and radiation losses, and remaining losses in the superconductor. It is considered constant in the range of interest. The temperature dependence of δ TLS (T ) is given by the occupation difference of the energy levels of the TLSs. Therefore the loss rate can be characterized as follows:
In this model the constant scattering parameter α TLS = πDp 2 0 /3ǫ contains the density of states D of the TLSs, their polarization p and the dielectric constant ǫ of their host material (see Ref. [13] ). The filling factor F takes the distribution of the TLSs into account and is supposed to be constant for particular samples (see also Ref. [14] ). From the fit of the experimental data (see Fig. 3 ), values δ L and F α TLS have been determined. It is important to note that the argument of the hyperbolic tangent is not fitted, but given by the energy gap hν 0 of the TLSs. The value of F α TLS can be reconstructed from the temperature dependence of the fractional resonance frequency ∆ν0 ν as well [14] . The results obtained by both methods show excellent agreement (see Table I ). Surprisingly, the value of F α TLS is of the same order for all investigated samples.
In order to describe the loss rate beyond the low power limit P > P 0 for different temperatures, we extend Eq.
(1) to
where the function f (P ) represents the loss rate's power dependence. In order to reconstruct f (P ) by making use of experimental data, we plot
as a function of applied power (see Fig. 4 ). The obtained function is constant (f (P )=1) for P < P 0 and has a linear dependence (in logarithmic scale) for P 0 < P . Therefore this function can be described as:
Note that P 0 is slightly temperature dependent, and that
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Power at resonator input P (W) the exponent ϕ is temperature independent. Eq. 3 can be deduced for resonant interaction between the TLS and the photon field of the resonator, which gives a theoretical value ϕ th = −0.5 [13] . The values for ϕ extracted from the measurement data differ from this theoretical value (see Table I ). This discrepancy reflects the fact that the power dependence is not defined by the resonant TLS interaction only, but instead, depends also on substrate materials.
Using the extracted parameters, we are able to describe the temperature dependence at power levels P > P 0 and can therefore completely reconstruct the loss rate as a function of temperature and power (see Fig. 5 ). However our approach is only valid for the TLS-dominant regime. The point where TLSs show a significant influence on the loss rate depends on their energy gap hν 0 , which in our case corresponds to a temperature of T = hν 0 /k B = 120 mK. The influence of the TLSs on the loss rate becomes noticeable at 800 mK, and significant at about 400 mK, which corresponds to a 15 % population difference. We note that the power range analyzed in this work reaches down to the low photon limit (at least < 10 photons).
In conclusion, we have shown that the intrinsic loss rate of a CPWR strongly depends on temperature which can be explained by the influence of TLSs in its environment. The low power limit where the loss rate is solely temperature dependent was used to extract a measure for the number of the TLSs and their coupling to the photon field F α TLS . This parameter shows no significant difference between the material combinations used in this study. This material independence strengthens the evidence of a surface distribution of the TLSs [14] and leads to the suggestion that the nature of the TLSs lies in general surface/interface states. Furthermore, the power dependence was phenomenologically described and a fully characterized model of the loss rate was developed. Hence the measurement data could be completely recon- The complete description of the loss rate illustrated for the Nb on sapphire sample. The grid is generated using Eq. (2) with the parameters given in Table I . Blue circles show measured data for the temperature dependence and the red triangles show measured data for the power dependence.
structed.
